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EFFECTS  OF  RICOCHET  ON  THE  MOTION  OF  PROJECTILES 


ABSTRACT 


The  cal  .50  AP  Bullet  M2,  the  20-mm  AP  Shot  M75,  and  the  20-mm  Shell 
Mark  1  with  the  npse  of  the  Practice  Projectile  M99,  both  empty  and  filled  with  lead, 
were  fired  at  depressions  from  5  to  1(£  so  that  they  ricocheted  from  the  ground  and 
passed  thru  two  velocity  screens  or  six  yaw  screens.  The  empty  Shell  has  a  density 
of  about  1300  gr  per  cu  in.;  the  others,  2100,  The  AP  Bullet  and  the  empty  Shell 
have  a  sectional  density  of  about  3600  gr  per  sq  in.;  the  AP  Shot,  5200;  and  the  lead- 
filled  Shell,  6200. 

The  experimental  data  indicate  the  following  conclusions:  The  critical  angle 
of  impact  is  about  8*for  the  cal  .50  Bullet  and  l2j|for  the  20-mm  projectiles.  The 
ratio  of  exit  velocity  to  impact  velocity  depends  on  both  the  projectile  and  the  angle 
of  impact.  The  length  of  furrow,  expressed  in  calibers,  is  largest  with  the  AP  Shot, 
shortest  with  the  empty  Shell;  it  varies  from  5  to  11  projectile  lengths.  Theratio  of 
the  angle  of  ricochet  to  the  angle  of  impact  rapidly  decreases  with  increase  in  the 
angle  of  Impact;  it  generally  decreases  with  Increase  In  sectional  density.  Some  of 
the  projectiles  have  a  small  deflection  to  the  left,  but  most  of  them  are  deflected  to 
the  right.  The  magnitude  of  the  mean  yaw  Increases  considerably  with  increase  in 
sectional  density,  but  does  not  seem  to  depend  on  the  angle  of  impact;  its  orientation 
occurs  in  all  quadrants,  but  most  of  the  projectiles  tend  to  point  upward  and  to  the 
left.  An  Increase  in  sectional  density  Increases  the  maximum  yaw  and  decreases  the 
minimum  yaw. 


1.  Object.  Although  some  data  regarding  the  velocity  of  a  spinning  projectile  and  the  Inclination  of 
Its  trajectory  after  ricochet  have  been  gathered,  no  systematic  study  of  the  motion  of  a  projectile  after 
ricochet  har  previously  been  made.  Such  a  study  would  yield  Information  that  la  needed  for  an  accurate 
determination  of  the  direction  of  motion  and  the  range  of  a  projectile  after  It  rebounds  from  the  earth.  A 
knowledge  of  this  motion  Is  required  In  order  to  Insure  the  safety  of  friendly  personnel  and  to  aim  the  gv 
properly  when  it  Is  desirable  to  have  a  high  explosive  shell  burst  after  ricochet  (this  Is  accomplished  by 
means  of  a  point  detonating  fuze  set  for  a  short  delay). 

2.  Introduction.  After  briefly  explaining  the  theory,  we  shall  consider  some  experimental  firings 
and  study  the  observed  velocity,  length  of  furrow  direction  of  trajectory,  and  yaw.  The  experiments  were 
first  conducted  with  a  caliber  0.50  armor -piercing  bullet  and  a  20-mm  armor -piercing  shot;  then,  in  order 
to  determine  the  effects  of  changing  the  density  of  the  projectile,  they  were  continued  with  a  20-mm  shell, 
sometimes  empty  and  sometimes  filled  with  lead. 

3.  Theory. 

a.  According  toFcwler's  theory,1  the  yaw  8  of  aspinning  projectllemay  be  represented  as  the  sum 

of  two  vectors:  a  vector  a  ,  which  rotates  about  the  origin  at  an  angular  velocity  eo  ,  and  a  vector  a  , 

P  P  ® 

which  rotates  about  the  end  of  a  at  an  angular  velocity  to  (see  fig.  1).  The  magnitude  of  the  yaw  Is  de- 

r  ** 

noted  by  S  a  id  Its  orientation  from  the  vertical  plane  thru  the  trajectory,  measured  clockwise  In  the  plane 
normal  to  the  trajectory,  by  Cj>.  The  z-axls  Is  horizontal  and  directed  to  the  right;  the  y-axls  Is  perpendi¬ 
cular  to  the  z-axls  In  the  normal  plane  and  directed  upwards.  Hence  the  projection  of  the  yaw  upon  the 
normal  plane  has  the  following  components  on  these  axes:  * 

8  y  *  8  cos  (p  ,  '  (1) 

&z  -  6  sin  <p  .  (2) 

b.  The  stability  factor  s  Is  defined  by  the  formula: 


s  -  A2N2/4B  fi  , 


where  A  and  B  are  the  axial  and  transverse  moments  of  Inertia  respectively,  N  the  spin,  and  jjl  a  factor  of 
the  overturning  moment: 


The  moment  factor  may  be  expressed  as 


M  -  fi  sin  6 


/*  *  P  &\r 


*The  exact  direction  cosines  of  the  axis  of  the  projectile  are  cos  8  ,  sin  8  cos  cp ,  sin  8  sin  tp  .  For  small 
yaws,  these  reduce  to  1,  6cos<f,  6  sin  cp  .  It  is  believed  that  the  errors  resulting  from  using  this  approxi¬ 
mation  for  large  yaws  will  not  vltate  the  general  conclusions. 


L 
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where  p  is  the  air  density,  d  the  caliber,  u  the  velocity  of  the  projectile  relative  to  the  air,  and  K  the 
moment  coefficient,  which  is  a  function  of  Mach  number  and  yaw.  Substituting  (5)  in  (3),  we  obtain  the  ex¬ 
pression: 

s  =*  A2N2/4B  p  d3u2KM.  (6) 

c.  If  the  yaw  is  small,  the  precessional  frequency  is 

oip/2  7r  =  (1  -  p)il  /4  rr ,  (7) 

if 

P2  -  1  -  1/s,  (8) 

SI  =■  AN/B.  (9) 

Subject  to  the  same  condition,  the  frequency  of  the  resultant  yaw  is 

1/T  »  pil/2  7r .  (10) 

T  is  the  period  of  the  yaw. 

These  formulas  should  be  modified  to  take  account  of  large  yaws  and  factors  that  affect  the  damping  of  the 
yaw;  but  they  may  be  used  as  rough  approximations. 


d.  When  a  spinning  projectile  strikes  the  earth,  the  Impulse  due  to  the  impact  gives  its  axis  a  large 
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angular  velocity.  As  the  projectile  moves  within  the  ground,  the  yaw  gets  very  large  and  the  trajectory 
curves  upward.  If  the  angle  of  impact  is  small,  the  projectile  eventually  returns  to  the  surface  and  ricochets. 
If  the  earth  were  homogeneous,  the  trajectory  would  also  curve  to  the  right  if  the  spin  is  right-handed;  but 
actually  it  sometimes  curves  to  the  left.  The  projectile  loses  both  linear  and  angular  velocity; but  a  larger 
proportion  of  its  linear  velocity  than  its  spin. 

e.  Letusconslder  anumerlcal  example.  The  initial  stability  factor  sq  should  beat  least  1.4  to  insure 
small  yaws  undernormal  conditions.  If  the  ricochet  decreases  the  linear  velocity  by  50  percent  and  the  spin 
by  10  percent,  formula(G)  shows  that  the  stability  factor  s  after  ricochet  would  be  4.5,  provided  does  not 
change.  The  following  table  shows  the  corresponding  values  of  the  frequencies  of  precession  and  yaw  in 
terms  of  the  initial  value  ofiT 


Before 

After 

ricochet 

ricochet 

Stability  factor 

1.4 

4.5 

P 

0.534 

0.882 

Frequency: 

Precession 

0.116  aj-n 

0.027  nj 

Yaw 

0.267  il^/rr 

0.441  iiy 

In  this  case,  the  ratio  of  the  frequency  of  precession  to  the  frequency  of  yaw  decreases  from  0.43  to  0.06. 
As  the  stability  factor  approaches  infinity,  p  approaches  unity  and  the  precessional  frequency  approaches 
zero,  while  the  frequency  of  yaw  approaches  £2/ 2  rr  .  In  the  limit,  then,  the  yawing  motion  may  be  repre¬ 
sented  by  a  circle  with  its  center  at  the  end  of  the  fixed  vector  representing  the  precessional  yaw.  In 
practice,  the  precession  is  so  slow  that  the  yawing  motion  is  approximately  a  circle  for  a  short  tirie. 

f.  The  true  yaw  is  the  angle  from  the  direction  of  motion  of  the  center  of  gravity  to  the  axis  of  the 
projectile.  When  the  projectile  is  shot  thru  a  paper  screen  normal  to  the  trajectory,  the  magnitude  of  its 
yaw  can  be  inferred  from  the  major  axis  of  the  hole,  and  the  orientation  of  the  yaw  Is  the  orientation  of  the 
major  axis.  However,  if  the  screen  is  not  normal  to  the  trajectory,  the  true  yaw  S  Is  different  from  the  ap¬ 
parent  yaw  5  inferred  from  the  major  axis.  Let  us  consider  the  projections  of  thetrajectory  and  the  axis 
of  the  projectile  upon  a  vertical  plane  and  ahorizontai  plane.  Let  the  x-axls  be  horizontal,  the  y-axls  verti¬ 
cal,  and  the  z-axis  horizontal  and  perpendicular  to  the  x-axis.  Let  9  be  the  inclination  of  tlje  projection  of 
the  trajectory  in  the  vertical  plane  normal  to  the  yaw  screen,  and  l|i  the  deflection  of  the  trajectory  In  the 
horizontal  plane.  Then  the  projections  of  the  true  yaw  on  axes  normal  to  the  trajectory  may  be  found  by 
means  of  the  relations:  * 


ay*  8acos?’ 

(ID 

az*  VlnC?> 

(12) 

»  8  -  9  , 

y  ay 

(131 

z  ’  ^  az  ^ 

(14) 

Note  that  the  y-  and  z-axes  in  the  normal  plane  are  not  the  same  as  the  y-  and  z-axes  in  the  vertical  plane 
In  which  the  apparent  yaw  Is  represented. 

4.  Guns.  In  the  ricochet  firings,  the  following  guns  were  used: 

&.  A  36-lnch  caliber  0.50  Mann  Barrel,  mounted  on  a  special  firing  car  that  could  be  transported 
across  the  range. 

b.  A  20-mm  (0.787-lnch)  Gun  M2,  mounted  on  a  converted  37-mm  Carriage  M4A1. 

5.  Ammunition. 

a.  The  caliber  0.50  Armor -piercing  Cartridge  M2  contains  a  jacketed  bullet  with  a  hard  steel  core 
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(Dwg  B 1376551 .  Its  physical  characteristics  and  stability  factor  are: 


*These  relations  are  not  accurate  for  large  values  of  8 , 0  and  ^  .  See  Sec  4.0  of  Ref.  1  for  the  exact  re¬ 
lations. 


Weight 

Length 

Base  to  center  of  gravity 

710  grains 
4.55  cal 
1.922  cal 

Axial  moment  of  inertia 

19.71  gr.  in' 

Transverse  moment  of 
inertia 

217.1  gr.  in' 

Pitch  of  rifling 

15  in. 

Mach  No.  (in  stability  test) 

2.72 

Moment  coefficient 

0.966 

Stability  factor 

2.17 

b.  The  20-mm  Armor-piercing  Shot  M75  (Dwg  75-2-308)  Is  a  solid  steel  projectile  with  a  cavity 

filled  with  tracer  composition  in  the  rear  end.  The  physical  characteristics  and  stability  factor  of  the  Ball 

4 

Projectile  T4,  which  is  similar  to  it,  are: 


Weight 

Length 

Base  to  center  of  gravity 

2548  grains 
4.11  cal 
1.806  cal 

Axial  moment  of  inertia 

190.0  gr.  in5 

Transverse  moment  of 
inertia 

1796  gr.  in2 

Pitch  of  rifling 

25.586  cal 

Muzzle  Velocity  (approx) 

2500  fps 

Moment  coefficient 

1.14 

Stability  factor 

2.89 

c.  The  20-mm  High  Explosive  Shell  Mark  1  (Dwg  75-2-300)  is  a  thin-walled  shell  which  is  normally 
filled  with  175  grains  of  tetryl  and  incendiary  composition  and  fitted  with  the  DA  Percussion  Fuze  No.  253, 
Mark  I/A/(Dwg  73-1-178).  In  the  present  test,  the  fuze  broke  upon  impact  and  was  therefore  replaced  by 
the  nose  of  the  Practice  Projectile  M99  (Dwg  75-2-344C),  which  is  solid  except  at  the  threaded  part  and  is 
made  of  a  zinc -base -alloy.  Altho  this  nose  also  broke  occasionally,  it  usually  held  together.  No  explosive 
was  used;  some  of  the  shell  and  noses  were  empty,  and  some  were  filled  with  lead.  The  physical  character¬ 
istics  of  five  empty  and  five  lead -filled  Shell  Mark  1  with  the  nose  of  Practice  Projectile  M99were  measured 
(see  Table  I);  the  averages  are  as  follows: 


Loading 

Empty 

Lead 

Weight 

grains 

1768 

3021 

Length 

cal 

4.56 

4.56 

Base  to  center  of  gravity 

cal 

1.833 

1.851 

Axial  moment  of  inertia 

gr.  in2 

186.1 

232.1 

Transverse  moment  of  „ 

Inertia 

gr.  in 

1713 

2209 

6.  Chronographs. 

a.  To  measure  the  velocity  of  the  Caliber  0.50  AP  Bullet  M2  after  ricochet,  an  electronic  counter 
chronograph  was  connected  to  a  tin-foil  screen  and  a  wire-mesh  screen.  At  a  depression  of  5  degrees,  the 
point  of  impact  was  45  feet  from  the  muzzle,  the  tin-foil  screen  50  feet,  and  the  wire-mesh  screen  60  feet; 
at  a  depression  of  10  degrees,  the  point  of  impact  was  about  24  feet  from  the  muzzle,  the  tin-foil  screen 
28  feet,  and  the  wire-mesh  screen  34  feet. 

b.  Io  measure  the  velocity  of  the  20-mm  AP  Shot  M75  after  ricochet,  an  electronic  counter 
chronograph  was  connected  to  two  wire-mesh  screens,  about  41  and  51  feet  from  the  muzzle,  for  both  5  and 
8  degrees  depression. 

c.  To  measure  the  velocity  of  the  20-mm  Shell  Mark  1  after  ricochet,  an  electronic  counter  chrono¬ 
graph  was  connected  to  two  wire-mesh  screens  10  feet  apart.  With  all  projectiles,  the  distance  between  the 
perforations  was  measured  after  each  round. 

7.  Yaw  Screens.  Six  vertical  screens  were  placed  at  intervals  of  three  feet  for  determining  the  tra¬ 
jectory  and  the  yaw  of  the  projectiles.  For  the  Caliber  0.50 Bullet  and  the  20-mm  AP  Shot,  the  yaw  screens 
were  made  of  paper;  for  the  20-mm  Shell,  they  were  made  of  cardboard.  The  Intersections  of  each  screen 
with  the  same  vertical  plane  and  the  same  horizontal  plane  were  marked;  these  lines  were  used  as  coordi¬ 
nate  axes. 

8.  Firings. 
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a.  The  Caliber  0.50  AP  Bullet  was  fired  in  July  1944  at  Michaelsville  with  the  following  results: 


Depression 

Number  of  Rounds 

deg 

Failed 

Thru 

Thur  4  or 

Shed 

to 

Velocity 

more  yaw 

Fired 

Jackets 

Ricochet 

Screens 

Screens 

5 

12 

0 

2 

5 

10 

7 

0 

6 

1 

5 

24 

2 

3 

16 

7 

17 

0 

3 

13 

0 

b.  The  20-mm  AP  Shot  was  fired  in  July  1944  at  Michaelsville.  A  propelling  charge  that  gave  a 
muzzle  velocity  of  2,557  fps  in  preliminary  firings  was  used  in  the  test.  The  results  are  tabulated  below: 

Depression  _  Number  of  Rounds 

,  Failed  Thru  Thru  4  or 

K  to  Velocity  more  yaw 

Fired  Ricochet  Screens  Screens 
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c.  The  20-mm  Shell  was  fired  In  May  and  June  1946  at  the  Light  Armor  Plate  Range.  Propelling 
charges  of  366  and  458  grains  for  the  empty  and  lead-filled  shells  respectively  were  first  established  to 
give  a  muzzle  velocity  of  2,550  fps.  After  it  was  found  that  the  shells  broke  upon  Impact  on  the  ground,  the 
charges  were  reduced  and  the  test  was  finally  continued  with  charges  of  200  and  231  grains,  which  were  es¬ 
tablished  to  give  a  muzzle  velocity  of  1,575  fps.  The  following  table  summarizes  the  results  of  the  ricochet 
firings: 


Depres-  Number  of  Rounds 


sion 

Charge 

fired 

Broke 

Failed 

Thru 

Thru  4  or 

E  »  Empty 

to 

Velocity 

more  yaw 

deg. 

grains 

L  »  Lead -filled 

Ricochet 

Screens 

Screens 

5 

366 

SE 

3 

0 

0 

5 

235 

2E 

0 

0 

1 

5 

200 

9E 

0 

0 

6 

5 

458 

3L 

2 

0 

1 

5 

290 

2L 

1 

0 

1 

5 

285 

1L 

0 

0 

1 

5 

250 

5L 

2 

0 

1 

5 

231 

4L 

1 

0 

3 

8 

200 

18E 

0 

0 

9 

8 

250 

1L 

0 

0 

1 

8 

231 

9L 

2 

0 

4 

10 

200 

2E 

0 

1 

1 

10 

250 

2L 

0 

0 

1 

5 

200 

17E 

0 

1 

11 

5 

231 

30L 

3 

4 

10 

8 

200 

16E 

0 

1 

10 

8 

231 

17L 

7 

0 

10 

10 

200 

12E 

0 

0 

9 

10 

231 

1L 

1 

0 

0 

9.  Velocity. 

a.  The  standard  Instrumental  velocity  of  the  Caliber  0.50  AP  Bullet  M2,  fired  from  a  36 -inch  carrel, 
is  2,810  fps  at  78  feet  from  the  muzzle.  The  average  Instrumental  velocity  of  some  bullets  taken  from  the 
lot  used  In  this  test,  fired  from  the  same  Mann  barrel  on  19  May  1944,  was  2,752  fps.  This  Is  practically  a 
new  barrel,  since  It  had  been  fired  only  219  rounds  on  12  Jhne  and  505  rounds  on  12  July.  The  Instrumental 
velocity  after  ricochet  Is  tabulated  on  Table  n.  At  a  depression  of  5".  the  average  velocity  is  1,809  fps;  at 
a  depression  of  10s,  the  one  round  that  ricocheted  had  a  velocity  of  329  fps. 

b.  The  muzzle  velocity  of  the  20-mm  AP  Shot  M75  was  about  2,557  fps.  At  a  dlstanco  of  70  feet  in 
air,  the  remaining  velocity  would  be  about  2,515  fps.  The  average  instrumental  velocity  after  ricochet  at  a 
depression  of  5“  Is  2,176  fps;  at  a  depression  of  8s,  2,027  fps  (see  Table  m). 


10 


c.  The  average  instrumental  velocities  of  the  empty  and  lead -filled  20-mm  Shell  Mark  1  whose  muz¬ 
zle  velocity  was  1,575  fps  are  as  follows  (see  Tables  17  and  V): 

* 


Depression 

deg 

Loading 

Velocity 

fps 

5 

Empty 

1287 

5 

Lead 

1165 

8 

Empty 

1171 

8 

Lead 

1191 

10 

Empty 

1007 

10 

Lead 

1405 

d.  The  ratio  of  the  velocity  after  ricochet  to  the  velocity  at  Impact  is  tabulated  below: 


Depression  Projectile  Velocity  ratio 

deg 


5 

Cal  .50  AP 

.66 

5 

20-mm  AP 

.87 

5 

20-mm  Empty 

.82 

5 

20-mm  Lead 

.74 

8 

20-mm  AP 

.81 

8 

20-mm  Empty 

.74 

8 

20-mm  Lead 

.76 

10 

Cal  .50  AP 

.12  (1  rd) 

10 

20-mm  Empty 

.64  (1  rd) 

10 

20-mm  Lead 

.88  (1  rd) 

V 


10.  Furrow 

a.  Most  of  the  Caliber  0.50  AP  Bullets  and  20-mm  AP  Shot  were  fired  Into  sod.  Altho  the  gun  was 
moved  across  the  range  occasionally,  several  projectiles  hit  the  same  spot.  Thus  each  projectile  after  the 
first  one  at  any  location  went  thru  "plowed"  soil  for  a  short  distance  before  it  encountered  fresh  sod.  Con¬ 
sequently,  the  condition  of  the  soil  varied  from  round  to  round,  but  remained  approximately  the  same  from 
group  to  group.  Putting  every  shot  in  a  new  place  would  have  entailed  moving  the  screens  and  changing  the 
coordinate  axes;  this  was  not  considered  feasible. 

b.  The  20-mm  Shell  were  first  fired  into  unsodded  fill  which  had  settled  for  more  than  a  year.  Bach 
furrow  was  filled  with  similar  soil  dug  from  another  place  and  tamped  with  a  spade.  Thus  the  condition  of 
the  soil  was  fairly  constant  The  shell  that  were  fired  Into  freshly  tamped  soil  generally  behaved  better  than 
those  that  were  fired  into  titled  soil,  which  had  a  crust  (the  first  round  was  fired  immediately  before  a 
heavy  rain,  and  the  test  was  continued  two  days  later). 


c.  The  length  of  furrow  Is  tabulated  in  Tables  VI  to  IX  inclusive.  Here  are  the  averages: 


5 

Cal  .50  AP 

18 

32 

5 

20-mm  AP 

31 

39 

5 

20-mm  Empty 

19 

24 

5 

20-mm  Lead 

28 

36 

7 

Cal  .50  AP 

14 

28 

8 

20-mm  AP 

28 

38 

8 

20-mm  Empty 

20 

25 

8 

20-mm  Lead 

22 

28 

10 

Cal  .50  AP 

35 

70  (1  rd) 

10 

20-mm  AP 

37 

47 

10 

20-mm  Empty 

17 

22 

10 

20-mm  Lead 

19 

24  (1  rd) 

11.  Trajectory. 

a.  The  vertical  and  horizontal  coordinates  of  the  center  of  each  hole  with  respect  to  the  axes  on  each 
yaw  screen  were  measured.  By  plotting  these  coordinates  against  the  horizontal  distance  from  the  first 
screen  and  fitting  curves  to  the  points,  the  vertical  and  horizontal  components  of  the  trajectories  were  ob¬ 
tained  (see  fig.  4  to  23).  The  vertical  components  were  drawn  with  a  small  curvature  for  the  AP  Bullet 
and  Shot,  but  this  apparent  curvature  was  probably  due  to  errors  of  measurement;  they  were  drawn  straight 
for  the  20-mm  Shell.  All  horizontal  components  were  drawn  as  straight  lines  (the  horizontal  coordinates  of 
the  caliber  0.50  bullets  on  the  first  screen  could  not  be  used  because  the  vertical  axis  was  displaced  an  un¬ 
known  distance  from  its  proper  location). 

b.  The  slopes  of  the  vertical  and  horizontal  components  of  the  trajectory  -  or  its  tangent  -  give  the 
angles  of  Inclination  and  deflection  respectively  (see  Tables  X  to  XIII  inclusive).  The  following  table  gives 
the  average  value  of  these  angles  and  the  ratio  of  the  inclination  to  the  depression  of  the  gun,  which  is  ap¬ 
proximately  the  angle  of  impact: 


Depression 

Projectile 

Inclination 

Deflection 

deg 

deg 

ratio 

deg 

5 

Cal  .50  AP 

14.5 

2.90 

Left  1.8 

5 

20-mm  AP 

11.3 

2.26 

Left  0.6 

5 

20-mm  Empty 

13.4 

2.88 

Right  5.9 

5 

20-mm  Lead 

10.1 

2.02 

Right  5.8 

7 

Cal  .50  AP 

10.3 

1.47 

Left  2.2 

8 

20-mm  AP 

12.8 

1.60 

Right  4.1 

8 

20-mm  Empty 

11.2 

1.40 

Right  5.4 

8 

20-mm  Lead 

8.1 

1.01 

Right  3.4 

10 


20-mm  Empty  10.4  1.04 


Right  0.5 


12 


12.  Yaw. 

a.  The  components  of  the  true  yaw  of  the  AP  Bullets  and  Shot  were  determined  by  the  method  ex¬ 
plained  in  paragraph  3f  and  plotted  (fig.  24  to  61  are  small  scale  reproductions  of  these  plots).  Only  the 
components  of  the  apparent  yaw  of  the  20 -mm  Shell  were  plotted  (see  fig.  62  to  105).  The  circle  that  fits 
the  points  of  each  round  was  also  drawn.  The  center  of  this  circle  is  called  the  mean  yaw  (Tables  XIV  to 
XVII).  The  length  and  orientation  of  the  vector  from  the  origin  to  the  mean  yaw  represent  the  magnitude 
and  orientation  of  the  mean  yaw.  The  extension  of  this  vector  cuts  the  circle  in  the  points  of  maximum  and 
minimum  yaw  (Tables  XVIII  to  XXI). 

b.  The  average  mean,  maximum  and  minimum  yaw  are  tabulated  below: 


Depression  Projectile 

Mean 

Yaw 

Orien¬ 

tation 

Max 

Yaw 

Min 

Yaw 

deg 

deg 

deg 

deg 

deg 

5 

Cal  .50  AP 

6 

185 

62 

14 

5 

20 -mm  AP 

14 

231 

68 

8 

5 

2C-mm  Empty 

5 

105 

58 

8 

5 

20 -mm  Lead 

41 

332 

99 

5 

7 

Cal  .50  AP 

4 

280 

63 

15 

8 

20 -mm  AP 

23 

283 

66 

10 

8 

20 -mm  Empty 

17 

10 

66 

12 

8 

20 -mm  Lead 

40 

320 

88 

7 

10 

20-mm  Empty 

18 

318 

58 

12 

c.  The  vectors  representing  the  average  mean  yaws  are  shown  in  fig.  106.  It  is  notable  that  the 
three  vectors  below  the  horizontal  axis  are  for  a  depression  of  5“;  all  the  others  are  directed  upwards. 
Furthermore,  only  two  of  the  vectors  point  to  the  right  of  the  vertical  axis:  these  are  for  the  empty  shell 
at  depressions  of  5°  and  8“.  Five  of  the  nine  vectors  are  in  the  fourth  (upper  left-hand)  quadrant.  The  lead- 
filled  shell  had  much  larger  yaws  than  the  empty  ones. 

13.  Conclusions. 

a.  The  effect  of  ricochet  on  the  motion  of  four  projectiles  has  been  tested:  an  armor -piercing 
jacketed  bullet,  an  armor-piercing  shot,  an  empty  shell,  and  the  same  shell  filled  with  lead.  The  empty 
shell  has  a  much  lower  average  density  than  the  others,  but  the  AP  bullet  and  the  empty  shell  both  have  a 
low  sectional  density;  the  following  table  gives  approximate  values  of  these  quantities. 


Projectile 

Average  Density 
grains  per  cu  in. 

Sectional  Density 
grains  per  sq  in. 

Cal  .50  AP  Bullet  M2 

2,130 

3,620 

20-mm  AP  Shot  M75 

1,900 

5,240 

20-mm  Empty  Shell  Mark  1 

1,290 

3,640 

20-mm  Lead-filled  Shell  Mark  1 

2,200 

6,220 

13 


b.  The  critical  angle  of  Impact,  for  which  less  than  half  the  shots  ricochet,  is  between  7°  ana  10°, 
say  8°,  for  the  cal  .50  Bullet;  it  is  more  than  10",  probably  about  12",  for  the  20-mm  projectiles.  However, 
at  10°,  many  of  the  shots  were  "wild",  so  that  it  was  difficult  to  obtain  relaible  data  at  this  angle.  Previous 
observations  have  indicated  that  the  critical  angle  is  as  much  as  15“  to  20"  with  high  explosive  shell  and,  in 
fact,  that  it  is  approximately  proportional  to  the  square  root  of  the  ratio  of  the  density  of  the  soil  to  theden- 

Q 

sity  of  the  projectile. 


c.  The  ratio  of  exit  velocity  to  impact  velocity  depends  on  both  the  projectile  and  the  angle  of  impact. 

The  AP  Bullet  has  the  lowest  ratio;  the  AP  Shot,  the  highest.  This  ratio  is  lower  at  8°  than  at  5"  angle  of 

impact  for  the  AP  Shot  and  empty  Shell;  but  is  nearly  constant  for  the  lead -filled  Shell  (the  values  obtained 

from  single  rounds  at  10”  should  not  be  considered,  since  they  may  be  accidental).  If  the  Impact  angle  9  is 

less  than  the  critical  impact  angle  9  ,  the  ratio  of  exit  velocity  v'  to  Impact  velocity  v  generally  decreases 

8  c 

in  accordance  with  Birkhoff’s  law: 


v'/v  -  1  -  9/29c. 


(15) 


d.  The  longest  furrows  were  made  by  the  20-mm  AP  Shot.  The  shortest  furrows,  expressed  in 
calibers,  were  made  by  the  empty  shell,  as  expected  since  they  have  the  lowest  density.  The  cal  .50  Bullet 
made  furrows  about  the  same  length,  expressed  In  calibers,  as  the  lead-filled  Shell  (the  one  long  furrow  at 
10°  appears  to  be  an  exception;  it  was  probably  affected  by  the  condition  of  the  soil).  The  average  furrow 
lengths  vary  from  22  to  47  calibers,  or  from  5  to  11  projectile  lengths.  Their  variation  with  angle  of  im¬ 
pact  is  rather  irregular;  other  experiments  have  indicated  that  the  furrow  gets  longer  as  the  impact  angle 
increases. 


e.  The  ratio  of  the  angle  of  ricochet  9’  to  the  angle  of  Impact  9  rapidly  decreases  with  increase  in 

Q 

the  angle  of  Impact  (see  fig.  107).  At  5°, ‘.his  ratio  is  higher  than  the  values  determined  by  Birkhoff’s  law: 

9'/®  -  2.5  -  1.5  9/9c.  (16) 

At  the  higher  angles,  the  fit  is  fairly  good  on  the  average.  Apparently,  a  curve  would  fit  the  points  better 
than  a  straight  line.  No  correlation  between  this  ratio  and  the  average  density  is  apparent,  but  -  excepting 
the  20-mm  AP  Shot  at  a  depression  of  8°  -  it  decreases  as  the  sectional  density  Increases. 


f.  Some  of  the  projectiles  had  a  small  left  deflection,  but  most  of  them  were  deflected  to  the  right 
in  accordance  with  the  theory. 


g.  The  mean  yaw  increases  considerably  with  Increase  in  sectional  density,  but  does  not  seem  to 
depend  on  the  angle  of  Impact.  The  maximum  yaw  is  increased  only  slightly  by  an  increase  in  sectional 
density,  and  the  minimum  yaw  is  slightly  decreased,  Altho  the  orientation  of  the  mean  yaw  occurs  in  all 
quadrants,  a  majority  of  the  values  are  in  the  fourth  quadrant(the  projectile  usually  points  upward  and  to  the 
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TABLE  I 

Physical  Characteristics 
20-mm  Shell  Mark  1  with  Nose  75-2-344C 


Loading 

’ 

Empty 


1 

2 

3 

4 

5 

Mean 

P.  E.  of  Mean 


Weight 

grains 

1763 

1764 

1767 
1773 
1772 

1768 

i  1.4 


1  2972 

2  3012 

3  3026 

4  3030 

5  3065 

Mean  3021 

P.E.  of  Mean  10.1 


Length 

in. 

3.571 

3.582 

3.588 
3.585 

3.589 

3.583 

.0022 


2972 

3.578 

3012 

3.568 

3026 

3.598 

3030 

3.572 

3065 

3.589 

3021 

3.581 

in. 

in. 

.7845 

.7795 

.7840 

.7795 

.7833 

.7783 

.7842 

.7790 

.7837 

.7789 

.7839 

.7790 

.0028 

.00015 

.7830 

.7775 

.7842 

.7781 

.7839 

.7782 

.7831 

.7785 

.7847 

.7794 

.7838 

.7783 

.0002 

.0002 

C.G.  to 


Moments  of 


Base  Inertia  -  gr.tn^ 
Cal.  Axial  Transverse 


1.824  186.1 

1.828  186.4 

1.834  185.5 

1.829  186.4 

1.849  186.3 

1.833  186.1 


1696 

1711 

1713 

1722 

1723 
1713 

4.2 


1.839 

228.9 

2169 

1.849 

230.9 

2216 

1.855 

232.1 

2222 

1.852 

232.3 

2209 

1.858 

236.3 

2232 

1.851 

232.1 

2209 

.0022 

.80 

23.6 

20 


TABLE  VI 

Length  of  Furrow  of 
Cal  .50  AP  Bullet  M2 


Depression  -  deg. 


5 

_ 1 _ 1 

Date 

1944 

July 

Round 

No. 

Furrow 

in. 

Date 

1944 

July 

Round 

N?- 

Furrow 

in- 

4 

1 

14 

7 

12 

12 

2 

17 

13 

18 

4 

10 

14 

12 

5 

12 

15 

11 

6 

14 

18 

9 

7 

19 

17 

14 

8 

20 

18 

13 

9 

14 

19 

13 

10 

18 

20 

12 

11 

23 

21 

10 

12 

22 

22 

14 

25 

13 

5 

2 

35 

26 

14 

4 

25 

27 

28 

6 

18 

7 

20 

8 

10 

10 

14 

11 

20 

12 

10 

13 

18 

14 

16 

7 

1 

12 

2 

14 

3 

12 

4 

10 

5 

11 

8 

12 

7 

12 

8 

9 

9 

10 

10 

17 

Avg 

15.87 

Avg 

13.79 

10 


Date 

1944 

July 


Round 

No. 


Furrow 

in. 


15 


35 


35 


TABLE  Vn 


Length  of  Furrow  of  20-mm  AP  Shot  M75 


Depression  •  deg 

5 

8 

10 

Date 

1944  Round  Furrow 

July  No.  in. 

Date 

1944  Round  Furrow 

July  No.  in. 

Date 

1944  Round  Furrow 

July  No.  in . 

25  2  20 

3  20 

4  24 

5  46 

6  47 

7  31 

8  46 

9  24 

10  20 

11  24 

12  24 

13  30 

15  24 

16  18 

17  24 

19  26 

20  36 

26  21  34 

22  36 

23  36 

24  48 

26  45 

26  37  18 

38  24 

39  21 

41  24 

42  30 

43  20 

44  22 

27  54  17 

57  39 

59  80 

26  30  40 

31  36 

32  47 

34  24 

35  36 

27.5 


Avg 


31 


Avg 


Avg 


37 


TABLE  Vm 


Length  of  Furrow  of  20-mm  Empty  Shell  Mark  1 
with  Nose  75-2-344C 


Depres¬ 

sion 

deg 


Muzzle 

Velocity  Weight 

(est)  Round  (Proj) 

fps  No.  grains 


WM 

3580 

3582 

1575 

3584 

1575 

3588 

1575 

3588 

1575 

3590 

1575 

3809 

1575 

3811 

1575 

3813 

1575 

3641 

1575 

3642 

1575 

3643 

1575 

3644 

1575 

3645 

1575 

3648 

1575 

3647 

1575 

3648 

1575 

3649 

1575 

3850 

1575 

3651 

1575 

3852 

1575 

3853 

1575 

3882 

1575 

3883 

1575 

3884 

1575 

3685 

1575 

Avg 

Furrow 

in. 


Depres¬ 

sion 

deg 


Muzzle 
Velocity 
(est)  Round 
fps  No. 


Weight 

(Pro)) 

grains 


Furrow 

in. 


1786 

21 

23 

21 

21 

1764 

21 

1772 

21 

1785 

15 

1769 

17 

1769  ' 

18 

1787 

21 

1765 

20 

1762 

19 

1766 

22 

1765 

21 

1765 

21 

1769 

18 

1774 

21 

1759 

28 

1770 

27 

1761 

27 

1774 

33 

1767 

27 

1755 

16 

1767 

17 

1767 

15 

1772 

15 

1768 

17 

1764 

17 

1766 

16 

1768 

24 

1769 

20 

1758 

20.2 

1769 

1764 

1782 

1763 

1772 

18 

16 

22 

17 

16 

1769 

17.1 

Length  of  Furrow  of  20-mm  Lead-filled  Shell  Mark  j 


1 


i 


‘Positive  to  the  right. 


TABLE  Xn  TABLE  XIII 

Direction  of  Trajectory  of  20-mm 

Empty  Shell  Mark  1  with  Nose  75-2-344C  Direction  of  Trajectory  of  20-mm 

_ _ _ _  Lead-filled  Shell  Mark  1  with  Nose  75-2-344C 

Depression  Round  Inclination  Deflection 


Positive  to  the  right 


TABLE  XV 


Mean  Yaw  of  20 -mm  AP  Shot  M75  after  Ricochet 


Depression 

deg 

Date 

1944 

July 

Yaw  -  deg 

Round 

No. 

Vertical 

Horizontal 

Magnitude 

Orienta¬ 

tion 

5 

25 

3 

-  3.2 

-57.8 

57.8 

267 

12 

13.0 

-35.5 

37.9 

290 

13 

2.2 

-23.9 

24.0 

275 

16 

-  8.8 

-21.7 

23.4 

248 

20 

-25.5 

32.1 

41.0 

129 

26 

22 

-28.3 

-  1.0 

28.3 

182 

23 

-  9.0 

7.2 

13.1 

141 

24 

-  9.1 

16.0 

18.5 

120 

rv 

0 

26 

11.1 

-17.0 

20.2 

303 

-22.5 

-20.0 

30.0 

222 

10.5 

-  8.9 

13.8 

320 

8.5 

-35.8 

36.8* 

283 

-  8.6 

-33.9 

34.8 

256 

12.8 

-35.5 

37.6 

290 

10.8 

-18.1 

21.0 

300 

21.0 

-44.2 

49.0 

295 

27 

2.3 

9.1 

9.7 

75 

5 

-8.59* 

3.23** 

-10.59* 

7.03** 

13.6*** 

231*** 

8 

■ 

+5.10* 

2.95** 

-22.70* 

3.72** 

23.3*** 

283*** 

♦Mean  **Probable  error  of  mean  ***Calculated  from  tne  mean  vertical 

and  horizontal  yaws. 


28 


TABLE  XVII 


Mean  Yaw  of  20-mm  Lead-filled  Shell  Mark  1  with  Nose  75-2-344C 


Yaw  -  deg 


Depression 

deg 

Round 

No. 

Vertical 

Horizontal 

Magnitude 

Orienta¬ 

tion 

5 

3854 

48.2 

13.7 

50.1 

16 

3659 

36.6 

-28.9 

46.6 

322 

3880 

32.9 

-22.9 

40.0 

325 

3673 

38.3 

13.4 

40.6 

20 

3874 

17.5 

-54.3 

57.0 

288 

3678 

37.8 

-34.2 

50.9 

318 

3687 

42.5 

-21.4 

48.3 

334 

8 

3897 

27.4 

-48.0 

55.3 

300 

3699 

25.0 

-21.1 

32.7 

320 

3701 

27.8 

-28.4 

39.6 

314 

3702 

35.8 

-13.8 

38.3 

339 

3712 

18.2 

-27.9 

33.3 

303 

3714 

42.7 

-22.7 

48.3 

332 

3710 

46.3 

-21.3 

50.9 

335 

3720 

24.1 

-25.9 

35.4 

313 

5 

36.26* 

2.44** 

-19.23* 

6.34** 

41.04***  332*** 

♦Mean  ♦♦Probable  error  of  mean.  ♦♦♦Calculated  from  the  mean 
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